Introduction
Single-molecule magnets (SMMs) or molecular nanomagnets are isolated molecules or clusters that exhibit slow relaxation of the magnetisation and magnetic hysteresis at low temperatures. Several applications can be envisaged for these tiny magnets, such as ultra-high-density magnetic information storage, molecular spintronics or quantum computing 1, 2 and, a lot of effort has been put into their research. The main shortcoming to be overcome is the very low temperatures at which SMMs work. The origin of the single-molecule magnetism is in the energy barrier that prevents the reversal of the magnetic moment once the external field is removed. Small energy barriers only allow low working temperatures. In 3d-SMMs the energy barrier amounts to |D|·S 2 where D is related to the magnetic anisotropy and S is the total magnetic moment of the complex/cluster. Efforts to increase both D and S in 3d metal clusters have failed 3 and researchers have shifted their attention to complexes containing lanthanide/actinide ions. The f electrons of the lanthanide ions are mostly unperturbed by the coordinating organic ligands (that interact mainly with the 5s and 5p electrons), thus a large orbital angular momentum is preserved. Such unquenched angular momentum ensures intrinsic magnetic anisotropy and large magnetic moments, and a thermal energy barrier of 530 K has been reported for a Dy 3+ cluster. 4 Even single lanthanide ions can exhibit energy barriers up to 915 K. 5 There are few of these single-ion magnets, with Er 3+ , reported in the literature; some examples are even found where Er 3+ complexes, isostructural to other lanthanide complexes, fail to show slow magnetic relaxation while their counterparts do. 6 There are other reported examples of single Er 3+ complexes, where a field induced slow magnetic relaxation is observed. 7, 8 That is also the case with [Er(tfa) 3 (bipy)], a new compound whose synthesis, structure, luminescence and magnetic properties are reported in this paper. Far less common is the display of slow magnetic relaxation at zero DC field: to the best of our knowledge only two cases have been reported for Er 3+ so far. [9] [10] [11] We present here the magnetic properties of [Er(tpm) 3 (bipy)], a third example of an Er 3+ SIM, that exhibits a magnetic hysteresis curve. Its synthesis, structure and characterization (vibrational, thermal and luminescent) have been already reported in a previous article. 12 The two compounds studied can be considered bifunctional, since they combine both magnetic and luminescence properties: the organic ligands that coordinate the lanthanide ion not only promote a suitable environment for the existence of an anisotropic barrier to magnetization reversal but also absorb ultraviolet light, transferring the energy to the lanthanide ion that re-emits it as near infrared (NIR) radiation.
Experimental section
Materials, synthesis and analytical data All reagents and solvents employed were commercially available and used as supplied without further purification. All the procedures for complex preparation were carried out under nitrogen and using dry reagents to avoid the presence of water and oxygen, which can quench metal photoluminescence (PL).
Tris(4,4,4-trifluoro-1-(2-furyl)-1,3-butanedionate)mono(2,2′-bipyridine)erbium(III) was obtained as follows: under stirring, a 4,4,4-trifluoro-1-(2-furyl)-1,3-butanedione (3 mmol) methanol solution (20 ml) was added to 1 mmol of Er(NO 3 ) 3 ·5H 2 O in methanol. The mixture was neutralized by adding potassium methoxide (3 mmol) dropwise under vigorous stirring until potassium nitrate precipitated. KNO 3 was removed by decanting, and 2,2′-bipyridine (1 mmol) was finally added. The mixture was heated to 75°C and stirred overnight, then washed with dioxane, and finally dried in a vacuum to give the product in 90-95% yield (based on Er). Crystals suitable for X-ray analysis were obtained by slow evaporation of a methanoldioxane solution at RT.
[Er(tfa) 3 
Physical and spectroscopic measurements
The C, H, N elemental analyses were conducted using a Perkin Elmer CHN 2400 apparatus.
Differential scanning calorimetry (DSC) data were obtained on a DSC TA instrument model Q100 v.9.0 with a heating rate of 10°C min −1 under a N 2 atmsphere. Thermogravimetric and differential thermal analyses were carried out under an inert atmosphere with a Perkin Elmer Pyris Diamond TGA/DTA, by heating 3 mg of the sample in a slow stream of N 2 (40 mL min −1 ) from room temperature up to 300°C, with a heating rate of 10°C min −1 .
The infrared spectrum was recorded with a Thermo Nicolet 380 FT-IR spectrometer in KBr pellets.
The Raman spectrum was recorded with a FT-Raman Bruker FRA106 using a near-IR (Nd: YAG, 1064.1 nm) laser to excite the sample.
The NMR spectra were registered from a deuterated chloroform solution (CDCl 3 ) using a 400 MHz NMR spectrometer from Varian model Mercury 400 (9.4 Tesla) at 400.123 MHz and at 100.6 MHz for 1 H-NMR and 13 C-NMR, respectively.
The crystal structure was elucidated by X-ray diffraction analysis. The powder diffractogram of [Er(tfa) 3 (bipy)] was obtained using an ENRAF-NONIUS FR590 powder diffractometer equipped with an INEL120 detector (Debye-Scherrer geometry). The powder was used to fill a glass capillary, which was slowly rotating upon data collection.
For the determination of the crystal structure by X-ray diffraction, a crystal of [Er(tfa) 3 (bipy)] was glued to a glass fibre and mounted on a Bruker APEX II diffractometer. Diffraction data were collected at room temperature 293(2) K using graphite monochromated MoKα (λ = 0.71073 Å). Absorption corrections were made using SADABS. 13 The structure was solved by direct methods using SHELXS-97 14 and refined anisotropically (non-H atoms) by full-matrix least-squares on F 2 using the SHELXL-97 program 14 ( Table 1) . PLATON 15 was used to analyse the structure and figure plotting. All CF 3 groups show signs of disorder with large displacement ellipsoids. In one of the molecules such groups could be refined over two positions, with F atoms refined isotropically, with 60/40% occupation. In the other two molecules, the furyl rings were disordered due to a 180°rotation around the C-C bond that attaches the ring to the β-diketonate moiety.
The optical absorption and diffuse reflectance spectra of the material were measured at room temperature in a solution and in powder, respectively: the 200-800 nm range absorption spectrum was recorded with a spectrophotometer (Hitachi and the UV-Vis-NIR diffuse reflectance spectrum in the range from 200 to 1800 nm was measured using an integrating sphere coupled to a spectrophotometer (Agilent Cary 5000) in a powder form. The visible photoluminescence spectrum was excited with a 405 nm laser, and collected with a 0.303 focal length Shamrock spectrometer with an Andor Newton cooled CCD camera. The ligand lifetimes have been measured using an Edinburgh Instruments LifeSpec II fluorescence spectrometer, exciting the complex at λ = 405 nm with an Edinburgh Instruments EPL-405 picosecond pulsed diode laser working in the MHz repetition range (temporal pulse width at half maximum about 80 ps), and using Edinburgh Instruments F900 acquisition software.
NIR photoluminescence spectra were measured by exciting at the ligand absorption at ca. 337 nm with a N 2 laser, and at 532 nm resonantly with a 4 I 15/2 → 2 H 11/2 transition of the Er 3+ absorption using a 500 mW cw laser diode. The emission was analyzed with a Peltier-cooled InGaAs Hamamatsu pin photodiode G5851-21 at −25°C and a Horiba Jobin Yvon Triax 180 monochromator. For the excitation spectra, a xenon arc lamp with a 1/8 m Oriel monochromator was used, detecting the emission at a fixed wavelength (1530 nm) using the Triax 180 monochromator. The NIR photoluminescence time decay measurement was carried out upon excitation at 980 nm resonantly with 4 I 15/2 → 2 I 11/2 with an OPO (EKSPLA NT 342/3/UVE) at a 10 Hz repetition rate and recorded using a Tektronix (model 3840) oscilloscope. All spectra have been measured at room temperature and have been corrected by the spectral response of the experimental setup.
Magnetic measurements
The magnetic susceptibility under several magnetic fields was measured with a S700X SQUID magnetometer (Cryogenic Ltd) in the temperature range 4-300 K and assuming a diamagnetic contribution of −4.592 × 10 −4 and −5.063 × 10
for [Er(tfa) 3 (bipy)] and [Er(tpm) 3 (bipy)], respectively (estimated from tabulated Pascal constants). Field dependence of the magnetization was measured up to 5 T at different fixed temperatures from 1.7 K to 10 K. AC measurements were taken using a MagLab 2000 system (Oxford Instruments) with an AC field of 5 Oe. Temperature dependence of AC magnetic susceptibility was measured in the 10-10 000 Hz frequency range under a zero and 1000 Oe static DC field. Additional isothermal AC susceptibility measurements, χ AC = f (ω), were taken in the 10-10 000 Hz frequency range, within 1.7 and 7 K.
Results and discussion

Structural discussion
The pinkish compound [Er(tfa) 3 (bipy)] crystallizes in the P2 1 /c space group of a monoclinic system with four symmetry equivalent complexes in each unit cell (Fig. 1 , Table 1 ). In each complex, three negatively charged furyl-β-diketonates coordinate the lanthanide ion through the O atoms of the central aromatic moiety. One 2,2′-bipyridine molecule also coordinates each lanthanide ion through the N atoms. The Er 3+ ions are therefore surrounded by six O atoms and two N atoms in a distorted antiprismatic geometry (Fig. 1 , Table 1 ). The top and bottom anti-faces are nearly parallel [2.38(14) °between their mean planes]. The lanthanide ion is approximately at the center of the anti-prism with a distance of 1.3756(2) and 1.1624(2) Å from the face containing the N atoms and to the opposite face, respectively (Table 2) . To characterize the degree of distortion of the square antiprism we have calculated the α and the skew angle ϕ. 16 α is defined as the angle between the C4 axis and the direction of the Er-N,O vectors (Fig. 2) . Because of the prism distortion we considered the line connecting Er1 and the centroid of the (O1,O2,O7,O8) square face as the approximate C4 axis and then we computed the angle between this axis and the Er-N,O vectors. For the calculation of ϕ we first projected Er1, N1, N2, O4 and O5 to the mean plane of the most regular face (O1,O2, O7,O8) and then calculated the angle between the projected vectors (Fig. 2) . The total sum of the deviations from the ideal values for ϕ and α are 50 and 28°, respectively (Tables 3 and 4) .
In the 2,2′-bipyridine ligand the two aromatic rings are only slightly rotated with a 5°dihedral angle between their mean planes. In the crystal structure, the complexes pack in dimers with the bipyridine ring systems exhibiting a short centroid⋯centroid i distance 3.749(4) Å (i: −x, −y, −z). X-ray powder diffraction Fig. 3 shows the experimental diffraction pattern of the complex and the simulated powder pattern from the single crystal structure using PLATON. 15 There is an excellent match between the simulated and the experimental diffractograms: the peaks appear at the predicted theta angles at the same relative intensities. The experimental diffractogram shows a background higher for low theta angles as expected from the diffuse scattering of the X-rays by glass and air, a common characteristic when using rotating capillaries in a DebyeScherrer geometry. Powder diffraction shows that all the materials synthesized in the crystalline form correspond to the same structure as the small single crystals used for singlecrystal X-ray diffraction.
Thermal analysis
The TG curve of the [Er(tfa) 3 (bipy)] complex ( Fig. S4 †) shows an initial weight loss of ca. 12% below 110°C (associated to a peak at around 105°C in the DTG curve) and a subsequent weight loss of ca. 5% in the 110-240°C range (corresponding to an endothermic effect at 185°C in the DTA). Both weight losses can be referred to a gradual loss of 2,2′-bipyridine ligand (which accounts for ∼17% of the complex M W ). The final decomposition of the complex, associated with tfa β-diketonate ligand degradation, starts at 250°C and reaches a maximum at 280°C. The DSC curve (Fig. 4) shows a great endothermic effect at 200°C (corresponding to the N,N-donor loss), followed by a smaller endotherm at 280°C (ascribable to the ultimate complex decomposition).
Optical properties
Inspecting the UV-Vis absorption and UV-Vis-NIR diffuse reflectance spectra of [Er(tfa) 3 (bipy)], it is clear that the main absorption takes place when the incident wavelengths are in the ultraviolet region of 230 to 400 nm, due to the organic ligands that coordinate the lanthanide (see Fig. S5 
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As a result of this energy transfer, the visible emission of the ligands is strongly reduced in the Er 3+ complex and at the same time, the characteristic NIR emission of the Er 3+ : 4 I 13/2 → 4 I 15/2 transition is favored.
Lifetime measurements
The PL decay of the organic ligands has been measured after excitation with a high-repetition rate pulsed picosecond laser at λ = 405 nm (see Fig. S8 †) , the same wavelength chosen for the visible PL emission spectrum. Under this direct excitation, ground state absorption S 0 →S 1 in the ligand moiety occurs, followed by fast vibrational relaxation to the lowest excited singlet level, from which it can relax radiatively emitting a photon at around 440 nm or it may undergo intersystem crossing to the triplet level due to spin reorientation (from which subsequent resonance energy transfer to Er 3+ may take place).
The studied S 1 →S 0 radiative decay time -determined using FAST® software for the deconvolution of the instrument response function (IRF) and the exponential component analysis -is 0.75 ns, vs. (Fig. 6 ), which gives rise to a lifetime of 1.24 μs. This value, typical of lanthanide complexes (and far smaller than the emission decay time of the isolated ion, τ ≈ 8 ms), is due to vibronic coupling with high energy C-H stretching vibrations in the neighbourhood of the Er 3+ ion (originated from the remaining non-fluorinated part of the ligands), which lead to quenching of the excited state (because of the relatively small energy gap between the excited state 4 I 13/2 and the ground state). Nonetheless, it must be noted that this complex shows a significant reduction of the non-radiative losses caused by O-H and N-H oscillators, which have the most deleterious effects on the emission, and that the partial fluorination of the β-diketonates leads to an increase in the lifetime in comparison with analogous non-fluorinated complexes, which show lifetime values around 1 µs. 8 The decays obtained after 980 nm excitation show single exponential behaviour, which confirms a unique and consistent coordination environment around the lanthanide ion. 17 
Magnetic measurements
Static magnetic properties. The variable temperature DC magnetic susceptibility data (Fig. 7) for [Er(tfa) 3 (bipy)] and [Er(tpm) 3 (bipy)] collected under a 100 G applied field reveal that the room-temperature value χ M T for [Er(tfa) 3 (bipy)] agrees with the paramagnetic value expected for J = 15/2 (11.48 emu K mol
−1
). 10 A larger difference is found for [Er(tpm) 3 (bipy)]; the experimental value (10.7 emu K mol −1 ) was the first indication of the sample non-purity. The experimental powder diffractogram matches the predicted diffractogram from the single crystal structural model and no extra crystalline phase is visible. 12 A quick X-ray fluorescence run showed some traces of K and most likely amorphous potassium nitrate/hydroxide is mixed with our sample. As the temperature is lowered, the χ M T products decrease as a result of the depopulation of the Stark levels split by the ligand field.
Dynamic magnetic properties. For [Er(tfa) 3 (bipy)] no appreciable opening of the magnetic hysteresis can be observed (Fig. S9 †) , but for [Er(tpm) 3 (bipy)] such an opening is clearly visible at 1.8 K (Fig. 8) . Its hysteresis shape reveals strong field dependence. The loop displays no remnant magnetization as the magnetic moment of the sample rapidly falls to zero upon removal of the magnetic field.
The magnetization dynamics of both complexes were probed using AC measurements. In the absence of a static field, no maxima at the out-of-phase (χ″) component of the AC susceptibility could be observed for [Er(tfa) 3 (bipy)] (Fig. S10 †) . On the other hand, for [Er(tpm) 3 (bipy)], (Fig. 9) , the data reveal strong frequency-dependent out-of-phase signals below 6 K.
The intensities of the signals increase with decreasing temperature and frequency. Such performance clearly indicates slow relaxation of the magnetization associated with single-ion magnetism.
In order to obtain the relaxation energy barrier and the relaxation time, the peak temperature T may be obtained by fitting the Gaussian peak function to the plot of χ″ vs. T, and the plot of 1/T vs. ln(τ), based on the Arrhenius law 1/T = −k B /U [ln(τ) + ln(τ 0 )], obeys a linear correlation, where τ is the relaxation time. The best fit yields the energy barrier U/k B = 21 K and the pre-exponential factor τ 0 = 7.9 × 10 −8 s.
With the application of a 1000 G static magnetic field, expected to reduce the Quantum Tunneling of Magnetization (QTM) through spin-reversal barrier via degenerate ±M S levels, both compounds show in-phase (χ′) and out-of-phase (χ″) signals with a frequency dependence at 1.7-10 K (Fig. 10 and 11) . The AC signal is much weaker for [Er(tfa) 3 (bipy)], but the maximum can still be followed with temperature. Using χ(ω), magnetization relaxation times could be extracted and an Arrhenius law fit could be applied to yield a temperature of 14.8 K as the energy barrier. At lower temperatures an independent regime of the relaxation time of magnetization is observed. Fig. 12 and 13 portray the Cole-Cole diagrams in the temperature range 1.7-5 K. For [Er(tfa) 3 (bipy)] such diagrams exhibit semi-circular shapes and can be fitted using the generalized Debye model, affording α values in the range 0.01-0.15 (see Table 5 ), which support the existence of a single relaxation process. For [Er(tpm) 3 (bipy)], two distorted semicircles are seen corresponding to two different relaxation times at temperatures below 2.9 K. To determine the distribution of relaxation processes, for each relaxation mechanism, we fitted the complex susceptibility on the basis of a linear combination of two modified Debye models (Table 6) ,
The average value of the β parameter is 0.72, meaning that the ratio between the two relaxation mechanisms is 0.72 : 0.28. At 1.7 K, the low temperature relaxation is circa 100 times faster than the relaxation mechanism that subsists at higher temperatures (3 × 10 −5 versus 5 × 10 −3 s as relaxation times).
With increasing temperatures, the relaxation time of the latter mechanism is progressively smaller ( Table 6 ). The Arrhenius analysis gives the effective energy barriers of U = 8.7 K at 40.1 K and pre-exponential factors of 4.75 × 10 −7 and 2.85 × 10 −10 s for the low temperature and high temperature domains, respectively. For both regimes, there is evidence of approaching a temperature-independent regime of the relaxation time of magnetization since the linearity of the Arrhenius plot is lost at the lowest temperatures (Fig. 14) .
The [Er(tpm) 3 (bipy)] complex shows a rich and complex magnetic behaviour. One energy barrier is found at 0 DC field and two extra barriers are found in a 1000 Gauss DC field. The difference in energy after field application, ΔU = 2 × μ × B, 2 is just in the order of the tenths of kelvin and cannot explain such a difference in the energy barrier. Usually the existence of several relaxation mechanisms has been attributed to different environments of the lanthanide ion, such as different crystallographic sites in a polynuclear cluster or coordinating ligand disorder. 9, 18 The [Er(tpm) 3 (bipy)] complex shows some disorder but not in the inner coordination sphere, and the same happens to [Er(tfa) 3 (bipy)]. In fact, in [Er(tfa) 3 (bipy)], there is not only disorder on the fluorine atom positions but also a rotation of 180°of the furyl ring around the C-C bond that attaches this group to the central β-diketonate moiety. If disorder in the second coordination sphere is to explain the existence of several relaxation mechanisms, why do such mechanisms exist • If the energy levels in the lanthanide system are distributed in a double well fashion, QTM between different levels may occur, and such tunneling could be promoted/hindered by the application of a very small field, changing faintly the energy level match/mismatch (Fig. 15) .
• In such conditions, the total energy barrier would never be overcome.
• A correlation between the structural characteristics of the first coordination sphere around the lanthanide and the magnetic properties can be attempted. In previous studies, a tendency seemed to be emerging: in tris(β-diketonates)(N,Ndonor)Ln(III) complexes, the bulkier the N,N-donor was, the higher the energy barrier was to overcome. 8, 19, 20 An attempt to obtain a more detailed magneto-structural correlation shows that for Dy 3+ complexes the higher the skew angle the better, 19 while for Er 3+ it was the higher α value that provided the larger energy barrier. In this study we have found that the α angles are almost identical, so it is the higher ϕ value that delivered the richer magnetic properties. However, if one accepts that the reversal of the lanthanide magnetic moment is achieved through tunneling between several excited states, it becomes more difficult to establish simple magneto-structural correlations.
Conclusions
The magnetic properties of two similar mononuclear Er 3+ complexes have been studied. One of the complexes, using 4,4,4-trifluoro-1-(2-furyl)-1,3-butanedionate ligands, has been crystallised for the first time. Both complexes have similar square anti-prismatic coordination geometries around the lanthanide but show distinct magnetic properties. AC magnetic susceptibility measurements confirm that single-ion magnet behaviour is displayed in a zero DC magnetic field with a thermally activated barrier of 21 K for [Er(tpm) 3 (bipy)]. Upon the application of a static field, further relaxation mechanisms are observed:
[Er(tfa) 3 (bipy)] shows one weak thermally activated relaxation while [Er(tpm) 3 (bipy)] has two sets of thermally activated relaxations. Due to its ability to absorb energy in the ultra-violet and re-emit it with a sharp 1.5 μm emission, [Er(tpm) 3 (bipy)] can be considered one of the rare examples of a bifunctional luminescent single-ion magnet. 3.979 × 10 
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